Optimized compositions for bulk metallic glass (BMG) formation have been determined for the CuÀHf binary and CuÀHfÀAl ternary systems. The CuÀHfÀAl BMG-forming composition region is identified to correlate with the (L ! Cu 10 Hf 7 + CuHf 2 + CuHfAl) eutectic reaction. The eutectic temperature is reduced by nearly 50 K relative to that of the binary eutectic, demonstrating the significant role of the third element Al in stabilizing the liquid. The fragility parameter D* of the Cu 55 Hf 45 binary and Cu 49 Hf 42 Al 9 ternary supercooled liquid was determined from relaxation time measurements, indicating that Al incorporation also leads to a "stronger" liquid. The combination of these thermodynamic and kinetic effects is responsible for the dramatic enhancement of glass-forming ability from the CuÀHf binary to the CuÀHfÀAl ternary.
I. INTRODUCTION
Over the past decade, numerous new alloys with the capability to form bulk metallic glasses (BMGs) have been discovered. [1] [2] [3] [4] In most cases, the systems with much enhanced glass-forming ability (GFA) are multicomponent alloys that must be compositionally based on simple base systems with at least modest GFA for BMG formation. Many examples of base systems are ternary ones, including PdÀNiÀP, 5, 6 LaÀNiÀAl, 7 ZrÀCu/NiÀAl, [8] [9] [10] [11] ZrÀTiÀBe, 12 MgÀCuÀRE (RE = Y, Gd), [13] [14] [15] [16] FeÀNb/ YÀB, 17, 18 and NiÀNbÀSn. 19, 20 As a mater of fact, nearly all of the high-order BMG-forming alloys can be broadly described as pseudo-ternary either chemically or topologically. 21 In addition to the ternary alloys, there are also several base binary systems that present marginal BMGforming ability, with a critical size less than 2 mm. [22] [23] [24] [25] [26] It was noticed that these binary BMG-forming alloys are directly correlated with a certain "deep" eutectic reaction in the phase diagram. As for the ternaries, whether new and more complex eutectic reactions are necessarily involved to facilitate easier glass formation are far from being understood, due to the absence of a well established phase diagram (phase diagrams have been partially investigated so far in only approximately 5% of all of the possible metallic ternary systems 27 ). In a recent study, it has been found that in the CuÀHf binary system, BMGs with critical diameter (D c ) of 1.5 and 2 mm can be obtained at the composition of Cu 55 Hf 45 24 and Cu 66 Hf 34 , 25 respectively. As shown in its phase diagram, 28 these two BMG-forming compositions relate to the eutectic reaction of (L ! Cu 10 Hf 7 + CuHf 2 ) and (L ! Cu 8 Hf 3 + Cu 10 Hf 7 ), respectively. On further incorporating a third element Al to form the CuÀHfÀAl ternary, the GFA of alloys is dramatically enhanced. 29, 30 Our preliminary results 30 indicate that the D c of Cu 49 Hf 42 Al 9 can reach up to 10 mm under copper mold casting. It implies that its critical cooling rate for glass formation (less than 10 K/s) is at least an order of magnitude lower than that of CuÀHf binary glass former. Meanwhile, the GFA of Cu 49 Hf 42 Al 9 seems to be one of the strongest among the already-discovered ternary Cu/Zr-based alloys including CuÀZrÀAl, 10 ZrÀNiÀAl, 11 CuÀZrÀTi, [31] [32] [33] CuÀHfÀTi, 31 and CuÀZrÀAg. 34 Consequently, to understand the origin of the GFA improvement from the base binary CuÀHf to the ternary CuÀHfÀAl, it is useful to conduct a systematic comparison of the relevant eutectic reactions, solidification pathways of the melt, and fragility/strength of the liquid.
The purpose of this article is 3-fold. First, the compositional dependence of GFA in the CuÀHf binary and CuÀHfÀAl ternary system was re-examined to optimize the BMG-forming composition. Second, solidified microstructures of the optimized binary and ternary compositions at a cooling rate that is just lower than that required for glass formation were characterized to reveal what eutectic reactions are involved in the CuÀHfÀAl BMG-forming compositions. Third, in the framework of the fragility concept, 35 using a method of measuring the relaxation time for the calorimetric glass transition, 36, 37 we determined the fragility parameters, D*, and VogelFulcher-Tamman (VFT) temperature, T 0 , of the CuÀHf binary and CuÀHfÀAl ternary BMG-forming liquid.
These data, when considered together in a comparison between the binary and the ternary, provide a more comprehensive understanding of the origin of the significant elevation of the GFA.
II. EXPERIMENTAL
Elemental pieces with purity better than 99.9 wt% were used as starting materials. The master alloys with the nominal composition (in atomic percentage) were prepared by arc melting under a Ti-gettered argon atmosphere in a water-cooled copper hearth. The alloy ingots were melted several times to ensure compositional homogeneity. Bulk samples of 1 to 1.5 mm in diameter are fabricated by using suction casting in a mini-arc melter. For the bulk samples with a diameter between 2 and 4 mm, the master alloy was remelted in a quartz tube using induction melting and injected in a purified argon atmosphere into the copper mold that has internal rod-shaped cavities of approximately 50 mm in length. To produce rods with a diameter larger than 4 mm, the master alloy remelted in a tilting water-cooled copper hearth was cast into the copper mold.
The cross-sectional surfaces of the as-cast rods were analyzed by x-ray diffraction (XRD) using a Rigaku D/max 2400 diffractometer (Tokyo, Japan) with monochromated CuK a radiation. Solidified microstructures at cross-sections of selected as-cast rods were observed by using a scanning electron microscope (SEM; LEO Supra 35, Heidenheim, Germany). The local compositions in the microstructures were semiquantitatively determined using an energy-dispersive x-ray spectrometer (EDX) attached to the SEM.
The glass transition and crystallization behavior of as-cast BMG rods were investigated in a differential scanning calorimeter (DSC-Diamond; PerkinElmer, Shelton, CT) with alumina container under flowing purified argon at a heating rate of 20 K/min. A second run under identical conditions was used to determine the baseline after each run. To confirm the reproducibility of the experimental results, at least three samples have been measured for each composition. All the measurements of the glass transition temperature (T g ) and onset temperature of crystallization events (T x ) were reproducible within the error of AE1 K. The heat of crystallization DH x for the glassy phase was determined by integrating the area under the DSC curve. To measure the relaxation time of supercooled liquid, the heating rate dependence of the glass transition onset (T g onset ) and offset (T g end ) was determined with calibrations of instrumental shift by measuring the melting temperature of Zn standard sample at heating rates between 2 and 160 K/min. The melting behavior of the alloys was measured in a Netzsch 404 DSC (NETZSCH-Gerätebau GmbH, Bayern, Germany) with alumina container, using the heating and cooling rates of 20 K/min under flowing purified argon after being evacuated to a vacuum of $10 À3 Torr.
III. RESULTS
A. Cu-Hf binary BMGs related to the Cu 10 Hf 7 -CuHf 2 eutectic
The CuÀHf binary phase diagram 28 indicates a eutectic reaction (L ! Cu 10 Hf 7 + CuHf 2 ) (denoted as e 3 hereafter), with the eutectic composition at Cu 56.4 Hf 43.6 . Our experiments reveal that BMG rods of 1-mm diameter can be fabricated under copper mold casting in the composition range of 44 to 46 at.% Hf, near the eutectic point. Figure 1 displays the DSC traces of the as-cast 1-mm rods for three Cu 100-x Hf x (x = 44, 45, 46) alloys. A significant endothermic signal associated with the glass transition and a sharp exothermic peak caused by the crystallization of glassy phase are observed in all cases. The T g and T x of these BMGs are approximately 765 and 820 K, respectively, resulting in an extended supercooled liquid region DT x (DT x = T x À T g ) of approximately 55 K. The total heat release from the crystallization of the glasses (DH x ) was determined to be approximately 6.0 kJ/mol. In addition, a single exothermic peak for crystallization suggests that these BMGs tend to crystallize by simultaneous crystal growth such as in a eutectic crystallization. The reduced glass transition temperature T rg (T rg = T g /T L , T L is the liquidus temperature) of these BMG-forming alloys is 0.609, 0.590, and 0.580 at x = 44, 45, 46, respectively. An inset in Fig. 1 shows an XRD pattern taken from the crosssection of the Cu 55 Hf 45 as-cast rod as the representative. As seen in Fig. 1 , a diffusive maximum that is typical of an amorphous alloy is indicative of complete BMG formation within the XRD resolution.
On further increasing the rod diameter up to 1.5 mm, the as-cast samples completely crystallized for the three compositions. The D c of these binary alloys is therefore estimated to be approximately 1 mm. Figures ) can be identified. As seen in Fig. 2 (a), a uniform and contrast-less microstructure is observed. It appears that the solidified crystalline phases are too fine to be identified within the SEM resolution. However, with reducing the cooling rate along the longitudinal direction, two crystalline phases with different contrasts are visible for the sample near the top of the rod, as seen in Fig. 2(b) . Combined with the chemical analysis using EDX, the crystalline phase in acicular (lighter) and dendrite-like (gray) shape is identified as the CuHf 2 and Cu 10 Hf 7 intermetallic compound, respectively. Such morphology is a typical feature for nonfaceted-faceted eutectic-coupled growth, similar to the irregular Al-Si or Fe-C eutectic. 40 It should be mentioned that our finding is somewhat different from a previous result, 34 in which the D c for the Cu 55 Hf 45 alloy was determined to be 1.5 mm in diameter. In addition, in the CuÀHf case, the optimized glass-forming composition is not severely off-eutectic, which is unlike the CuÀZr binary. 22, 23, 33 It can be attributed to the feature of nearly symmetric liquidus close to the eutectic of (L ! Cu 10 Hf 7 + CuHf 2 ), as seen in the phase diagram.
B. Compositional dependence of glass-forming ability of CuÀHfÀAl ternary alloys
Starting from the CuÀHf binary alloys, the compositional dependence of BMG formation for the CuÀHfÀAl ternary alloys is systematically investigated with a composition interval of 1 at.%. Figure 3 shows the D c at each composition for the investigated ternary alloys, as marked using different symbols in the composition map. Evidently, Al-containing ternary alloys exhibit the GFA significantly higher than the simple binary alloys. The optimized glass-forming composition is located at Cu 49 Hf 42 Al 9 , with the D c of 10 mm in diameter. Its GFA is obviously stronger than that of the alloys given by previous work, 29 using the large DT x as a guideline without careful "composition pinpointing. . The thermal properties measured from the DSC curves, including the T g , T x , DT x , DH x , and T rg , for some representative BMGs are tabulated in Table I . In addition to the alloy A (y = 5), C (y = 9), and F (z = 40), crystallization for most of these BMGs is completed through multiple steps, as seen in Figs. 4(b) and 5(b), which are different from the case of the binary BMGs, reflecting that the variation of Al content has an influence on the kinetic pathway of crystallization of the glasses. Among all the ternary alloys, Cu 49 Hf 42 Al 9 (alloy C) exhibits the best GFA, and its D c reaches up to 10 mm, together with a large DT x of approximately 83 K. The T rg value of the ternary BMG-forming alloys varies between 0.579 and 0.623 (see Table I ), nearly comparable with those of the binary. It is apparent that the GFA (D c ) is not simply determined by the T rg value. variations show a "U"-shaped dependence on the Cu/Hf fraction when the Al content is fixed at 7 at.%, demonstrating a trend similar to the case of CuÀHf binary. 28 The minimal T L is near Cu 52 Hf 41 Al 7 . It is expected to be close to the univariant eutectic groove of (L ! Cu 10 Hf 7 + CuHf 2 ). The T L variations with the Al content are not dramatic, as seen in Fig. 7(a) . The minimal T L of 1242 K is located at Cu 50 Hf 42 Al 8 , indicating that it is close to the ternary eutectic point. Nevertheless, the current data are not enough to exactly determine the ternary eutectic composition. It is noteworthy that the optimized BMGforming composition Cu 49 Hf 42 Al 9 (alloy C) is slightly off For the as-cast rod sample, a gradient in cooling rate is present along the longitudinal direction from bottom to the top, with full and no contact with the copper mold, respectively. The evolution of solidified microstructures of the alloys provides information about the phase competition and selection. 41, 42 Consequently, the solidification pathway prior to glass formation for the liquid can be revealed by characterizing the solidification microstructure of the as-cast rods with partial glass formation. Fig. 8(a) , in which the cooling rate of the melt gradually decreases from the left (bottom) to right (top) side. At location À, the BSEM image shows the uniform contrast caused by glass formation, as seen in Fig. 8(b) , which extended to the length of approximately 15 mm away from the rod bottom. As the cooling rate decreases, a small fraction of crystalline phase with darker contrast appears as the primary phase in the glassy matrix, as shown in Fig. 8(c) . Based on its chemical composition (around Cu 45 Al 20 Hf 35 ) determined using the EDX and XRD pattern [see the inset in Fig. 8(c) ], the primary crystalline phase is identified as the ternary compound CuHfAl (hexagonal, MgZn 2 -type Laves phase, a = 0.5155 nm, c = 0.8381 nm 43 ). In addition, the composition of the glassy matrix is nearly identical to the nominal alloy composition, within the EDX analysis accuracy. This indicates that at such a cooling rate, the crystallization of the CuHfAl phase from the melt cannot be completely suppressed. Moreover, the crystalline phase competing with glass formation is no longer any binary intermetallics for this ternary alloy, completely different from the case of CuÀHf binary BMG former (see Sec. III. A). At location´, the microstructure seems to be uniform at low magnification, as shown in Fig. 8(d) . However, high-magnification observation as shown as Fig. 8 (e) demonstrates a typical eutectic morphology caused by three-phase (with different contrast) couplegrowth. By EDX and XRD (data not shown) analysis, three crystalline phases are identified: Cu 10 Hf 7 (gray), CuHf 2 (lighter), and CuHfAl (darker), marked as A, B and C, respectively, in Fig. 8(e) . Near the top of the rod at locationˆ, with the lowest cooling rate, acicular CuHf 2 phase (lighter) solidified as a primary phase, and the remaining matrix was identified to be three-phase coprecipitated eutectic, as shown in Figs. 8(f) and 8(g) .
The XRD pattern taken from this location [see inset in Fig. 8(f) ] confirms the three-phase coexistence (Cu 10 Hf 7 , CuHf 2 , and CuHfAl), consistent with the SEM observation in Fig. 8(g) . This is quite similar to the scenario at location´, with the exception of a slight coarsening of the crystalline phases. As a result, it is concluded that the solidification of the Cu 49 Hf 42 Al 9 melt at a cooling rate below the critical rate for glass formation undergoes the (L ! Cu 10 Hf 7 + CuHf 2 + CuHfAl) ternary eutectic reaction, instead of the binary eutectic e 3 .
As indicated by EDX analysis, Al of at least $4 and $1 at.% can dissolve in the binary compounds, Cu 10 Hf 7 and CuHf 2 , respectively, for the crystallized Cu 49 Hf 42 Al 9 as-cast alloy. In addition, the chemical composition of the CuHfAl ternary compound is determined to be approximately Cu 45 Al 20 Hf 35 . It implies that this phase has an extended composition region, and it is not a stoichiometric line compound (see Sec. IV below). BMGs at different heating rates from 2 to 160 K/min, respectively. With increasing heating rates, both T g onset and T g end as marked by arrows shift to higher temperatures, indicating the kinetic nature of glass transition. Structural relaxation of undercooled liquid can be calorimetrically observed in the temperature interval DT g , 36, 37 which is defined as the temperature range between the T g onset and the T g end of the endothermic DSC event that is associated with the glass transition. At a given heating rate, R, the average relaxation time, t, can be obtained from a relation of t = DT g /R. The temperature dependence of t can be described by the VFT-type relation, 36, 37 
where D* is the fragility parameter and T 0 is the VFT temperature, which is defined as the temperature at which the relaxation time and thus kinetic resistance to flow approaches infinity. Then, the data of t as a function of temperature (T g onset at different R) were fitted using Eq. (1) to determine D* and T 0 . The best fits to the experimental data yield D* = 8.6 and T 0 = 612 K for Cu 55 Hf 45 , and D* = 16.8 and T 0 = 531 K for Cu 49 Hf 42 Al 9 . Compared with the CuÀHf binary, we observe a significant increase of D* and decrease of T 0 for the CuÀHfÀAl ternary. This implies that the liquid becomes "stronger," which is consistent with our finding that the ternary alloy has a higher GFA.
For the purpose of comparison, Fig. 10 shows an Angell plot 35 35 , which is in accord with their GFA differences.
IV. DISCUSSION
From the melting events of the CuÀHfÀAl ternary BMG-forming alloys, and the phase selection in the solidified Cu 49 Hf 42 Al 9 alloy, we conclude that the Al-containing ternary BMG-forming compositions are associated with the (L ! Cu 10 Hf 7 + CuHf 2 + CuHfAl) ternary eutectic. Compared with the CuÀHf binary alloys, which are correlated with the (L ! Cu 10 Hf 7 + CuHf 2 ) eutectic, the invariant eutectic reaction temperature (T m = 1206 K) drops down approximately 47 K, meaning that the ternary eutectic is "deeper" and that the liquid is more thermodynamically stable. The coprecipitation of three crystalline phases in coupled growth during solidification from the liquid requires more complex solute-partitioning processes, and the atomic diffusion is slowed down in the ternary alloy. These retard the nucleation and growth of crystals and favor the glass formation. As a result, the D c increased significantly from 1 mm of the CuÀHf binary to 10 mm of the CuÀHfÀAl ternary, accompanied by a much extended composition range of D c at 3 mm.
Currently, the phase diagram of CuÀHfÀAl ternary alloy has not been well established, with the exception of an available isothermal section at 1073 K. 43 Based on this section of the diagram, our BMG-forming composition range should fall within a composition triangle bordered by the Cu 10 47 the Al concentration in the compound can be extended, but the (Cu + Al)/Hf ratio is always approximately 2:1 (Cu 45 Al 20 Hf 35 in our case). Using our results, a partial schematic phase diagram including the BMG-forming composition zone (D c = 3 mm) and relevant crystalline phases is drawn as Fig. 11 . In the diagram, the solubility of Al in each compound is estimated from the EDX analysis reported in Sec. III. C. Moreover, the optimized glass former Cu 49 Hf 42 Al 9 is off the center of the zone of D c = 3 mm and far away from the three intermetallics in composition space.
As suggested by Boettinger, 48 the solidified microstructures for the alloy involving eutectic may in many cases be the result of competition between various forms of crystal growth, and the limitations on eutectic growth rate in the melt can promote the formation of metallic glass. In the current work, we do observe the evidently competitive growth between the competing crystalline and glass phase in the as-cast Cu 49 Hf 42 Al 9 alloy, as shown in Sec. III. C. Although this optimal glass-forming composition is off-eutectic towards the CuHf 2 phase [as shown as Fig. 8(f) ], the composition region where the couple-growth eutectic happens is actually able to skew a side of the eutectic composition when the cooling rate is high enough, due to the asymmetric growth of the three involved compounds. As a result, we observed that the competing phase before glass formation is the ternary CuHfAl phase instead of CuHf 2 . Similar features have been frequently shown in the asymmetric binary eutectic reaction. 40, 49, 50 In comparison with the CuÀHf binary, for their respective optimized BMG-former, the competing phase with glass formation changed from the CuHf 2 in the binary to the CuHfAl Laves phase in the ternary. Such crystalline phase with complex structure makes crystallization in the liquid strenuous, promoting the glass formation.
The fragility concept is used to characterize the temperature-dependent viscosity (Z) and structural (a-) relaxation time (t) of the liquid phase as the glass transition is approached. 35 The thermodynamic manifestation of the melt fragility is reflected in the rate of entropy loss as a function temperature. In terms of this concept, the strength of metallic liquid ("fragile" or "stronger") is directly linked to the GFA of alloys. 1, 51 The strongest glass former SiO 2 has a fragility parameter of D* % 100. The most fragile glass formers, such as pure metals, have a fragility parameter of D* % 2. For the intermediate cases, the D* is in a range from approximately 10 to 50. In this sense, our Cu 49 Hf 42 Al 9 alloy is at the intermediate level. Busch et al. 36, 37 demonstrated that the fragility parameters measured from the heating rate dependence of calorimetric T g are equivalent to the values obtained from viscosity measurements. For the purpose of comparison, Fig. 12(a) shows a relationship between fragility parameter, D*, and the reciprocal of the square of BMGforming critical diameter, 1/D c 2 , for some representative BMGs together with the present CuÀHf and CuÀHfÀAl. Because the reciprocal of the square of the diameter/ thickness for the as-cast rods/strips is proportional to the cooling rate of the alloy melt under a condition of copper mould casting, 52 1/D c 2 in the plot directly reflects the critical cooling rate (R c ) for the BMG-forming alloys. In other words, the smaller is the 1/D c 2 , the higher is the GFA of alloy. The D* values in Fig. 12(a) are selected for the data measured only by using relaxation time in DSC (to be consistent with our own experiments), not by viscosity measurements. 36 The data of the D c for each alloy are obtained from Refs. 21, 44, and 53-56. Figure 12 (a) shows a trend that a larger D* value corresponds to a higher GFA. However, a simple linear fitting for such a relationship yields a large scatter and deviation. It means that the fragility parameter cannot entirely cover all of the factors that influence the GFA of alloys.
In a recent study, Senkov 57 proposed a new parameter F 1 (D*) that takes into account both the D* and T rg . The F 1 (D*) parameter can be expressed as
where m min %16. Using Eq. (2) Fig. 12(a) , a larger D* value of alloy evidently links with a lower critical cooling rate of glass formation or higher GFA. However, a linear fitting for the relationship between F 1 (D*) and 1/D c 2 is obviously better than that in the case of Fig. 12(a) . Consequently, F 1 (D*) parameter seems to be a good indicator to characterize the GFA of alloys. The alloy with larger critical size or lower critical cooling rate exhibits a large F 1 (D*) value.
Moreover, in a given ternary system, it is possible that there exist more than one BMG-forming composition region, correlated with different eutectic reactions, such as ZrÀCuÀAl 10 and CuÀZrÀTi. 32, 33, 58 In the CuÀHf binary system, there is an additional BMG-forming composition related to the (L ! Cu 8 Hf 3 + Cu 10 Hf 7 ) eutectic. 25 Therefore, in addition to the BMG-forming composition region correlated with the (L ! Cu 10 Hf 7 + CuHf 2 + CuHfAl) eutectic, other composition regions for BMG formation are of interest in future work.
V. SUMMARY
In the CuÀHf binary system, Cu 100-x Hf x (44 x 46) compositions near the (L ! Cu 10 Hf 7 + CuHf 2 ) eutectic exhibit BMG formability with a critical diameter of 1 mm, together with a wide supercooled liquid region (DT x ) of approximately 55 K. By incorporating a third element Al in the binary base system, the relevant eutectic becomes the ternary (L ! Cu 10 Hf 7 + CuHf 2 + CuHfAl), resulting in significant stabilization of the liquid as indicated by a drop of 47 K for the eutectic temperature with respect to the Al-free binary. The glass-forming ability of the CuÀHfÀAl ternary alloy dramatically increases, causing a wide BMG-forming composition region and the formation of centimeter-scale BMG at an optimized composition Cu 49 Hf 42 Al 9 (DT x = 83 K). Improvement of the GFA from the CuÀHf binary to the Al-incorporated ternary is also consistent with the observation that the liquid becomes "stronger," as evidenced by an increase of the fragility parameter, D*, from 8.6 for Cu 55 Al 9 , which is consistent with the obvious increase in GFA.
